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A B S T R A C T   
Perovskite oxides displaying mixed ionic and electronic conductivity have attracted a lot of interest for appli-
cation in oxygen separation membranes. Such membranes could be used for a range of processes, including the 
conversion of natural gas to hydrogen or syngas. A major limitation of these materials is their tendency to 
segregate into simpler oxides under operating conditions, reacting with sulphur-based species often found in 
natural gas and leading to irreversible membrane degradation over time. Here we aim to delay or prevent this 
process by coating La0.6Sr0.4Co0.2Fe0.8O3-δ membranes with Alumina (Al2O3) layers of 1–100 nm thickness by 
using atomic layer deposition. We show that coatings of about 30 nm have negligible negative effect on O2 
transport flux across the membrane and display good flux recovery when H2S is removed from the stream. 
Coatings thinner than this critical value provide little protection against irreversible poisoning while thicker 
coatings dramatically decrease overall O2 permeation fluxes. We also show that the irreversible sulphur 
poisoning under O2 permeation conditions is linked to microstructural and composition changes at the mem-
brane surface caused predominantly by the formation of SrSO4 particles at the perovskite grain boundaries.   
1. Introduction 
Perovskite oxides (ABO3) exhibiting mixed ionic and electronic 
transport properties such as La1-xSrxCo1-yFeyO3-δ have received 
increased attention for application in oxygen separation membranes [1]. 
Among other applications, such membranes could be used for the se-
lective conversion of natural gas (primarily methane) to hydrogen or 
syngas [2,3]. However, these perovskites are known to segregate ions 
from the A- and B-sites, particularly under O2 permeation conditions, 
which can react with sulphur-based species often found in natural gas, 
leading to irreversible membrane degradation over time [3–7]. Similar 
limitations are also observed when these materials are applied in the 
related area of solid oxide cell electrodes [4,8,9]. 
One approach to limiting degradation could be by coating the 
membranes with a protective layer that would limit oxide segregation 
and potential follow-up reactions. A method that allows the coating of 
supports with continuous, conformal layers of controlled thickness is 
atomic layer deposition (ALD, Fig. S1). Moreover, ALD is becoming 
increasingly more applicable at a larger, batch scale [10]. One material 
that could prevent degradation due to its relatively low chemical reac-
tivity and which is routinely used in ALD processes is Al2O3. While this is 
expected to provide some protection against degradation, it is also ex-
pected to lower O2 transport since the oxygen diffusion in Al2O3 is be-
tween 5–10 orders of magnitude lower than in perovskites (large 
variations observed depending on doping and microstructure) [11,12]. 
Nonetheless, if sufficiently thin coatings are applied, such that the ox-
ygen diffusion coefficient of the phases normalized to their respective 
thickness is of similar order of magnitude, e.g. 100 nm or less, the 
compromise in O2 permeation could be acceptable. 
Here we prepare La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) membranes coated 
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with 1–100 nm Al2O3 layers and study the effect of H2S poisoning on 
their microstructure, composition and oxygen transport properties. We 
show that coatings of up to 30 nm have negligible negative effect on O2 
transport flux across the membrane and display good flux recovery when 
H2S is removed from the stream. Thinner coatings provide little pro-
tection against irreversible poisoning while thicker coatings dramati-
cally decrease overall O2 permeation fluxes. We also show that the 
irreversible sulphur poisoning under O2 permeation conditions is linked 
to microstructural and composition changes at the membrane surface 
caused predominantly by the formation of SrSO4 particles at the 
perovskite grain boundaries. 
2. Experimental 
2.1. Coating preparation 
Membranes consisting of dense LSCF (~1.2 mm thickness) were 
coated with Al2O3 layers of various thickness by ALD by using an Oxford 
Instruments Flex Al reactor. A planar Si chip was also coated for thick-
ness reference measurements. The deposition temperature was set at 
200 C, while the base pressure of the reactor was 2  10  6 Torr, with 
the chamber pressure being held at 0.08 Torr during deposition. The 
pulse/purge times were 0.02/1.5 s for trimethyl aluminium (TMA) and 
0.04/6 s for H2O. 
2.2. X-ray diffraction 
XRD was carried out on the coated membranes (Fig. S2), on a 
PANalytical X’Pert Pro diffractometer (PW3040/60) fitted with an 
X’Celerator and a secondary monochromator. For data acquisition, the 
Cu anode was supplied with 40 kV and a current of 40 mA to generate Cu 
Kα (λ  1.54180 Å) or Cu Kα1 (λ  1.54060 Å) radiation. 
2.3. Raman spectroscopy 
Raman spectra were collected using a Horiba Yvon LabRam HR 
system equipped with a 514.5 nm laser. An exposure time of 10 s, 100X 
objective lens and 2400 gr/mm grating were used. 
2.4. Scanning electron microscopy 
SEM micrographs were recorded on a Tescan Vega 3LMU scanning 
electron microscope. To reduce charging effects, the samples were 
sputtered with thin film of gold. 
2.5. Cross-section transmission electron microscopy 
Focused ion beam (FIB) was employed to extract a cross-section 
lamella from the coating-membrane interface. This was carried out 
using a FEI Scios Dualbeam instrument. The sites of interest were pro-
tected from the gallium ion beam by locally depositing a carbon layer 
followed by the application of a thicker platinum layer. Gallium ion 
beam was then used to carve out a lamella, which was then mounted on 
a TEM grid and ion milled until electron transparent. TEM and scanning 
transmission electron microscopy (STEM) were carried out using a FEI 
Titan Themis S/TEM operated at 200 kV equipped with a Super-X 
windowless X-ray energy dispersive spectrometer (EDS). 
2.6. O2 permeation experimental setup 
The setup used to carry out the O2 permeation experiments is sche-
matically illustrated in Fig. S5. The supply of various gases, Ar (C1), 200 
ppm H2S in Ar (C2), and synthetic air (21% O2 in N2) (C3) was controlled 
by mass flow controllers (Brooks, SLA5850) and set to 30 cm3 (STP) 
min  1 for each individual gas stream. These gasses were fed to the 
reactor consisting of an Al2O3 tube. The pellet membrane was mounted 
on top of the Al2O3 tube using a high temperature commercial silver 
sealant (Fuel Cell Materials, AG-I). The gas composition at the permeate 
side outlet was determined by using a gas chromatographer (Varian- 
3800) equipped with 5A molecule sieve column with a sampling rate of 
2 h/injection. 
2.7. Residence time distribution 
The volumes of the feed and permeate side chambers are 14 and 157 
cm3, respectively. A pules tracer, containing 2 mL air, was introduced 
into the system at the inlet. The concentration of the tracer (oxygen) at 
the outlet was monitored by a mass spectrometer (GeneSys). As shown in 
Fig. S6, the residence time distribution (RTD) for the permeate side 
indicated that it was very close to a continuous flow stirred tank reactor 
(CSTR) while the feed side was close to a plug flow reactor (PFR). 
Therefore, the permeate side membrane surface would be exposed to not 
only the hydrogen sulfide but also oxidation products such as SO2. 
2.8. O2 permeation measurement 
Permeation experiments were conducted at a temperature of 900 C, 
generally in three stages. In all stages, the feed side of the membrane was 
exposed to a flow synthetic air (21% O2, 79% N2), while the permeate 
side (where the coating would be present) was exposed to a flow of Ar 
Fig. 1. Microstructure of the coated membranes. (a) schematic representation of the LSCF membranes coated with Al2O3 layers by ALD. (b) SEM micrograph of the 
surface of an uncoated membrane. (c) TEM micrograph of the membrane-coating interface and corresponding elemental map (for Al and Co) by EDX analysis (see 
Fig. S4 for all other elements). (d) TEM micrograph of the membrane-coating interface. 
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(stage I), 200 ppm H2S in Ar (stage II) and then Ar (stage III). Permeation 
experiments for each coating thickness were repeated at least three 
times to ensure repeatability. The leakage of the oxygen that might 
occur due to imperfect sealing at high temperatures was monitored 
through the mole fraction of N2 (79 mol/% in the feed side) leaked into 
the permeate side. Experiments were only considered if the leakage of 
N2 was below 0.5 mol.%. The oxygen permeation flux was calculated by: 
JO2 





Where CO2 ; outlet and CN2 ;outlet are the O2 and N2 mole fraction at the 
permeate side outlet, respectively, Qinlet is the gas flow rate in the 
permeate side inlet and S is the effective membrane area. 
Selectivity is impossible to determine since leak rates may be higher 
than non-selective permeation. Additionally, there was no evidence that 
leak rates increased with exposure to poisons. 
3. Results and discussion 
3.1. Microstructure of the coated membranes 
A schematic representation of the coated membranes developed and 
used in this study is shown in Fig. 1a. The membranes were prepared in 
the form of dense pellets, consisting of LSCF perovskite with a poly-
crystalline microstructure (1–5 μm diameter grains), as observed by 
scanning electron microscopy (SEM, Fig. 1b). These LSCF membranes 
were then coated with Al2O3 layers of different thickness, typically be-
tween 1 and 100 nm, by using ALD (Fig. S1). The room temperature XRD 
patterns of the coated samples are shown in Fig. S2 and indicates that 
only perovskite peaks are visible. A cross-section of the coating- 
membrane interface was then extracted in the form of a lamella by 
focused ion beam (FIB, Fig. S3) and examined by transmission electron 
microscopy (TEM) and energy dispersive X-ray analysis (EDX). The re-
sults, shown in Fig. 1c, indicate that as expected for typical ALD pro-
cesses, the film is seemingly continuous and conformal on the surface of 
the membrane. This indicates that the coating is expected to protect the 
membrane against poisoning but also to limit the O2 transport across it 
since the O2 diffusivity of Al2O3 is 5 orders of magnitude lower than that 
of the LSCF [12]. The EDX analysis also indicates that there is no sign of 
chemical interaction or ion exchange between the coating and the 
membrane at this stage (Fig. 1c and Fig. S4). Moreover, the coating 
generally appears to be in amorphous, partially crystallized state, as 
revealed by the TEM micrograph detail shown in Fig. 1d. 
3.2. The effect of coating thickness on O2 permeation under H2S 
To investigate the impact of the coating on the O2 transport prop-
erties, as well as its ability to alleviate H2S poisoning, we prepared 
membranes having different coating thickness (Fig. 2a). Fig. 2b shows 
the O2 permeation flux as a function of time, before, during and after 
H2S exposure, for a membrane with no coating as well as for membranes 
coated with 30 and 100 nm Al2O3 layers. This plot shows that the un-
coated membrane displays the highest initial O2 permeation flux, 
decreasing by 15% and 85%, when 30 and 100 nm Al2O3 layers are 
employed, respectively. The O2 permeation fluxes through membranes 
with a range of coating thicknesses are plotted in Fig. 2c. This plot in-
dicates that for a coating thickness of up to about 20 nm, there is min-
imal negative impact on the O2 transport capabilities of the LSCF 
membrane. For coatings of about 30 nm, a slight decrease in O2 
permeation is observed, as noted above, with permeation rapidly 
dropping as coatings approach the 100 nm thickness mark. 
Upon introducing H2S, the membranes display a marked decrease in 
O2 permeation flux, as shown in Fig. 2b. That said all membranes appear 
to retain the perovskite phase after poisoning (Fig. S2). The uncoated 
membrane shows the largest drop, by about 95% of the initial O2 
permeation flux. The sudden drop in O2 permeation is usually thought to 
be due to the blocking of surface oxygen vacancies by adsorbed 
poisoning species, e.g. H2S [8,13,14]. Coated membranes appear to be 
more resilient, dropping by about 70% and 20% of the initial flux, for 30 
and 100 nm coatings, respectively. This indicates that the Al2O3 coatings 
can limit the poisoning effect of H2S to some degree, at the expense of 
lowering the initial O2 permeation flux, as discussed above. Indeed, 
Fig. 2c shows that there seems to be an optimum coating thickness at 
around 30 nm, which provides the highest value of O2 permeation flux 
under H2S operation. 
When H2S is removed from the inlet stream, all membranes display a 
relatively fast recovery (possibly due to the unblocking of surface oxy-
gen vacancies by desorption of poisoning species [8]), albeit not up to 
the initial O2 permeation flux values. Flux recovery values (%) for a 
range of coating thickness are show in Fig. 2c. This plot indicates that for 
coatings thinner than 20 nm, flux recovery is low, resembling an un-
coated membrane and thus presents no real benefit to alleviating H2S 
poisoning. At the opposite side of the spectrum, 100 nm thick coatings 
show close to full recovery but their initial O2 permeation flux values are 
too low to be of practical interest. Therefore, there seems to be an op-
timum coating thickness of about 30 nm, which balances a reasonable 
decrease in overall O2 permeation flux values while providing reason-
able protection during H2S exposure and considerable flux recovery 
after exposure to H2S. 
Fig. 2. The effect of coating thickness on O2 permeation under H2S. (a) schematic representation of membranes with various coating thickness employed in O2 
permeation experiments. (b) O2 permeation flux as a function of time, before, during and after exposure to H2S, for membranes with different coating thickness. (c) 
O2 permeation flux before and after exposure to H2S, as well as flux recovery, as a function of coating thickness (on logarithmic scale). The dotted lines serve as guide 
to the eye. 
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3.3. Structural changes in the coated membranes after O2 permeation 
under H2S 
To better understand the irreversible degradation of the O2 perme-
ation flux after exposure to H2S, we compare the surface microstructure 
of representative membranes before and after the permeation experi-
ments, as shown in Fig. 3. This figure shows that the surface morphology 
of the membranes with no coating and 30 and 100 nm coatings are 
initially very similar. The corresponding Raman spectra also confirms 
that, displaying a featureless spectrum, as expected for LSCF [15]. The 
SEM micrographs collected after the O2 permeation experiments under 
H2S reveal the formation of particles, as highlighted by grey circles in 
Fig. 3. According to the corresponding Raman spectra, these can be 
attributed to SrSO4, based on the peaks at 458, 625 and 998 cm
  1 [16, 
17]. This indicates that Sr ions are being extracted from the perovskite 
lattice to form these particles. Moreover, since the coatings appear to be 
continuous and conformal on the membrane surface (Fig. 1c), Sr is being 
transported across the coating to form these particles. It is worth noting 
that the dimensions and occurrence of these particles decrease 
dramatically from the uncoated to the 30 nm coated membrane and 
further to the 100 nm coated membrane. This clearly illustrates the 
effectiveness of the coatings in limiting the formation of SrSO4 particles, 
Fig. 3. Membrane surface morphology changes after O2 permeation under H2S. SEM micrographs and corresponding Raman spectra (x axis in cm
  1, y axis in a.u.) of 
membranes with: (a) no (b) 30 nm and (c) 100 nm coating. The upper images correspond with before exposure, lower images after exposure, to H2S. The grey circles 
highlight SrSO4 particle grown at the surface of the membrane. 
Fig. 4. Coating morphology changes after O2 permeation under H2S. TEM micrographs of the membrane-coating cross-section at various points of interest: (a) 
overview, highlighting local areas of interest; (b) in a region away from a perovskite grain boundary; (c) in the vicinity of perovskite grain boundaries; (d)–(e) details 
from b showing the polycrystalline nature of the coating; (f) in the vicinity of perovskite grain boundary absent of SrSO4 particle. 
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and thus limiting Sr diffusion across it, although, as shown above, the 
coatings also limit O2 permeation. 
Insight into the membrane behaviour can be obtained by comparing 
the microscopy data in Fig. 3 to the permeation data from Fig. 2. The 
uncoated sample exhibits the highest initial values of O2 transport and 
lowest under H2S, coupled with the most extensive SrSO4 growth and 
the lowest value of flux recovery after H2S exposure. Since O
2  transport 
is required for O2 permeation and both O
2  and Sr2 ions are required 
SrSO4 formation, this implies that in this sample both O
2  and Sr2 ion 
mobilities are relatively high. On the contrary, for the 100 nm coated 
sample, the transport of both ions seems to be significantly inhibited, 
since this displays very limited SrSO4 growth but also the lowest overall 
O2 permeation flux. The 30 nm coated sample appears to be effective at 
selectively blocking Sr2 diffusion more so than O2  diffusion since this 
sample displays average SrSO4 particle growth but still reasonably high 
O2 permeation flux. 
Close examination of the SEM micrographs after degradation in H2S 
indicates that the SrSO4 particles form almost exclusively at the grain 
boundaries. This is not surprising considering that there is ample evi-
dence in the literature that for perovskites in particular, grain bound-
aries act as fast ion diffusion pathways for both oxide ions or cations 
[18–20]. The fact that the SrSO4 particles grow at the grain boundaries is 
certainly consistent with this observation. At the same time, the irre-
versible degradation component of the O2 permeation flux seems to also 
be linked to this. Indeed, the irreversible change to the grain boundary 
structure (and composition, see below), brought about by the formation 
of the SrSO4 particles, appear to significantly decrease the degree of flux 
recovery, implying that a significant fraction of the oxygen transport 
was occurring through the grain boundaries of the membrane. Indeed, 
this is not surprising since grain boundaries ensure percolation between 
grains throughout the entire thickness of the membrane. Any change in 
ion conductivity of the grain boundaries is reflected in diminished 
transport across the membrane itself. 
To further understand and characterize the structural changes 
occurring at the membrane-coating interface after O2 permeation under 
H2S, we extract electron-transparent lamellae of this interface and 
examine them by TEM, as shown in Fig. 4. We highlight various areas of 
interest, in the proximity and away from a perovskite grain boundary. 
Close-up TEM micrographs of the coating (Fig. 4b–f) illustrate that the 
coating has evolved to a highly polycrystalline state, whereas initially it 
was largely amorphous. The polycrystalline nature might facilitate O2- 
transport through it via grain boundaries, much like in the perovskite 
membrane, therefore allowing a degree of oxygen transport, which 
should otherwise not be possible for dense, single crystal Al2O3 [12]. 
The coating still appears to be conformal with respect to the membrane 
although it appears to be disrupted at the perovskite grain boundaries 
probably due to the formation of the SrSO4 particles, as discussed above. 
Indeed, Fig. 4c shows a cross-section detail of such a particle. 
3.4. Compositional changes in the coated membranes after O2 permeation 
under H2S 
The microstructural evidence presented so far clearly indicates that 
the there is considerable ion transport across the coating, in order to 
ensure O2 transport, as well as SrSO4 formation. In order to better un-
derstand these transport processes and their consequence on membrane- 
coating composition, we carry out elemental mapping across this 
interface, in the proximity to, and also at a distance from, perovskite 
grain boundaries. The elemental maps are included in Fig. 5a and b, 
while the elemental composition (expressed as atomic fraction) at 
various points of interest marked with numbers is plotted in Fig. 5c. 
These data indicate that the bulk of the perovskite in the vicinity of the 
grain boundary and that of the film display similar compositions, 
equivalent to the nominal perovskite composition and therefore they 
were not affected by segregation processes. On the contrary, the grain 
boundary region of about 50–100 nm width experienced drastic 
compositional changes, being severely depleted of Sr ions (seemingly 
moving across the coating to form SrSO4). It is enriched in La ions 
(probably to ensure charge neutrality in absence of Sr ions), it is Co 
depleted (which seemingly diffuses into the coating), and containing a 
Fig. 5. Cation exchange between the membrane and the coating after O2 permeation under H2S. (a) TEM micrograph around a SrSO4 and perovskite grain 
boundaries together with corresponding elemental maps obtained by EDX analysis. (b) TEM micrograph around the membrane-coating interface away from 
perovskite grain boundaries with corresponding elemental maps obtained by EDX analysis. (c) Elemental composition (normalized to 1) at different point locations 
marked on the micrographs shown in a and b. The dash lines serve as guide to the eye. The errors are smaller than the points. 
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large fraction of Al (coming from the coating). 
This ion exchange is expected to have profound impact on the 
transport processes across the membrane. In particular, the depletion of 
Co (known to promote O2  diffusion in perovskites) and enrichment of 
Al (which impairs O2  diffusion) will mean that compositionally, the 
grain boundaries will be significantly less suitable for promoting O2 
transport [21,22]. Therefore, it seems that irreversible loss of O2 
permeation flux observed after H2S exposure is not necessarily due to 
SrSO4 particle formation on the grain boundaries. This may also be due 
to chemical changes in the grain boundaries (caused indirectly by par-
ticle growth), which are responsible for maintaining percolation and 
transport between perovskite grains and therefore across the membrane 
[23]. On the contrary, the fact that the Al2O3 coating becomes doped 
with Co is expected to enhance its O2 permeation properties, which 
explains why a sufficiently thin (~30 nm) coating will limit Sr diffusion 
but allow O2 transport across with negligible losses [22]. The chemical 
interactions between the membrane and the coating and the subsequent 
changes in membrane grain boundaries and surface morphology are 
schematically illustrated in Fig. 6. 
4. Conclusions 
In this work, we investigated the effect of Al2O3 coatings on LSCF 
membranes with respect to O2 transport properties and protection 
against H2S poisoning. We show that even though Al2O3 is not a good 
oxide ion conductor, sufficiently thin coatings of ~30 nm still allow high 
O2 permeation fluxes, while providing protection against Sr segregation 
and subsequent H2S poisoning. Following O2 permeation, some ion ex-
change between the perovskite and the Al2O3 coating occurs (predom-
inantly Co doping the coating), which also seems to contribute towards 
enhancing O2 permeation across the coating. Coatings thinner than 30 
nm do not appear to provide protection against poisoning, while coat-
ings thicker than this value display even better stability but at the 
expense of dramatically decreased oxygen permeation fluxes. Moreover, 
we have shown that the irreversible loss of O2 permeation flux following 
H2S exposure is not necessarily directly due to the formation of surface 
SrSO4, which would impair O2 exchange and transport, but could be due 
to more subtle chemical changes that their formation triggers in the 
underlying structure of the grain boundaries of the membrane. 
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